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$ PXOWLEDQG SLH]RHOHFWULF GLUHFWLRQDO 0(06
PLFURSKRQH LV GHPRQVWUDWHG EDVHG RQ D ELRPLPHWLF
GHVLJQ LQVSLUHG E\ WKH SDUDVLWRLG IO\ 2UPLD RFKUDFHD
XVLQJ WKH 3LH]R0803V PXOWLXVHU IRXQGU\ SURFHVV 7KH
GHYLFHDFKLHYHVDGLUHFWLRQDOVRXQGILHOGUHVSRQVHZLWKLQ
IRXUIUHTXHQF\EDQGVDOOO\LQJEHORZN+],WDFWVDVD
SUHVVXUH JUDGLHQW PLFURSKRQH ZLWK K\SHUFDUGLRLG SRODU
SDWWHUQV LQ DOO IUHTXHQF\ EDQGV ZLWK WKH PHDVXUHG
PHFKDQLFDO VHQVLWLYLW\ EHLQJ LQ JRRG DJUHHPHQW ZLWK
DFRXVWLFVWUXFWXUDO VLPXODWLRQV FRQGXFWHG LQ &2062/
0XOWLSK\VLFV 7KH PD[LPXP H[SHULPHQWDOO\ PHDVXUHG
DFRXVWLFVHQVLWLYLW\RIWKHGHYLFHLVP93DORFDWHGDW





WKH V ZLWK WKH ILUVW FRPPHUFLDOO\ SURGXFHG ULEERQ
PLFURSKRQH LQYHQWHG E\ +DUU\ ) 2OVRQ HW DO KDYLQJ
GLPHQVLRQV RI DERXW  FP ൈ  FP ൈ  FP >@ ,W
SURYLGHG D FDUGLRLG GLUHFWLYLW\ SDWWHUQ DQG ZDV ZLGHO\
XVHG LQ WKH EURDGFDVW DQG UHFRUGLQJ LQGXVWULHV :LWK WKH
HYHU LQFUHDVLQJ SRSXODULW\ RI VPDUWSKRQHV DQG RWKHU
PRELOH GHYLFHV VLQFH WKH V DQG IRFXV RQ WKH
GHYHORSPHQWRIPLQLDWXUL]HGKHDULQJDLGVPDQXIDFWXUHUV
RI GLUHFWLRQDO PLFURSKRQHV QRW RQO\ FRQFHQWUDWH RQ WKHLU
SHUIRUPDQFH EXW DOVR RQ WKHLU VL]H DQG PLQLDWXUL]DWLRQ
SRWHQWLDO 7KURXJK WKLV WKH GHYHORSPHQW RI 0(06
GLUHFWLRQDOPLFURSKRQHVKDVEHFRPHDIRFXVDUHDWRERWK
LPSURYH GHYLFH PLQLDWXULVDWLRQ DQG DOVR RIIHU KLJK
DFRXVWLF VHQVLWLYLW\ DQG ORZ QRLVH ,Q JHQHUDO D
GLUHFWLRQDOPLFURSKRQHUHVSRQVHFDQEHDFFRPSOLVKHGE\
XVLQJWZRRUPRUHPDWFKHGRPQLGLUHFWLRQDOPLFURSKRQHV
DUUDQJHG LQ GHILQHG ODWHUDO SDWWHUQV RU E\ XVLQJ D
PLFURSKRQH PHPEUDQH RQ ZKLFK ERWK VLGHV DUH H[SRVHG
WRWKHDFRXVWLFILHOG7KHGLUHFWLRQDOLW\RIWKHPLFURSKRQH
UHVSRQVHLVDFKLHYHGE\PHDVXULQJWKHSUHVVXUHGLIIHUHQFH
EHWZHHQ WKH RPQLGLUHFWLRQDO PLFURSKRQHV RU WKH WZR
VXUIDFHVRIDPHPEUDQHZLWKVRXQGILHOGH[SRVXUHRQWKH
IURQW DQG EDFN 0RVW RI WKH GHYLFHV GHYHORSHG VR IDU
UHTXLUH FRPSOH[ SRVWSURFHVVLQJ DIWHU VLJQDO DFTXLVLWLRQ
DV WKHLUGLPHQVLRQVDUH ODUJH HQRXJK WRFDXVHGLIIUDFWLRQ
DQG SKDVH LQWHUIHUHQFH 7KXV WR DYRLG VXFK FRPSOH[LW\
WKH GLPHQVLRQ RI WKH GHYLFH PXVW EH FRQWUROOHG EHORZ D
FHUWDLQ UDQJH )RU D GLUHFWLRQDO PLFURSKRQH ZRUNLQJ
EHORZN+] WKLV OHDGV WR D PHFKDQLFDOO\ DFWLYH UHJLRQ
RIWKHGHYLFHOHVVWKDQPPLQUDGLXV>@+RZHYHUWKLV





VRXUFH D UDQJH RI GLUHFWLRQDO 0(06 PLFURSKRQHV
PLPLFNLQJ WKHKHDULQJPHFKDQLVPRI2UPLDRFKUHFHD D
SDUDVLWRLG IO\ KDYH EHHQ GHYHORSHG 'XH WR PHFKDQLFDO
FRXSOLQJEHWZHHQLWVWZRW\PSDQDWKHIHPDOH2UPLDKDV
DJUHDWFDSDELOLW\RIORFDWLQJ WKHPDWLQJFDOOVRILWVKRVWV
ZLWK DQ DQJXODU UHVROXWLRQ RI ι HYHQ WKRXJK WKH LQWHU
DXUDO GLVWDQFH LV RQO\ ߤ݉ 0LOHV HW DO GHYHORSHG D
VHULHV RI SRO\VLOLFRQ EDVHG PLFURSKRQHV LQVSLUHG E\ WKLV
LQVHFWLQWHJUDWLQJRSWLFDOVHQVLQJRUFDSDFLWLYHVHQVLQJ>
@7RXVHHWDOEXLOWDQ2UPLDLQVSLUHGPLFURSKRQHXVLQJ
DQ DV\PPHWULF JHRPHWU\ >@ LQ ZKLFK WKH PHFKDQLFDO
UHVSRQVH LV WUDQVGXFHG XVLQJ HOHFWURVWDWLF FRPE GULYHV
%LRPLPHWLF PLFURSKRQHV SUHVHQWHG E\ <X HW DO VKRZ D
GLUHFWLRQDO DFRXVWLF UHVSRQVH GHSHQGLQJ RQ WKH P,3'
PHFKDQLFDOLQWHUDXUDOSKDVHGLIIHUHQFHEHWZHHQLWVWZR
FODPSHGFLUFXODUPHPEUDQHV>@7KLVW\SHRIGLUHFWLRQDO
PLFURSKRQH ZDV DOVR LQYHVWLJDWHG IRU WZR GLPHQVLRQDO
VRXQG ORFDOL]DWLRQ >@ $GGLWLRQDOO\ .XQW]PDQ HW DO





KDYH D  ߠ GHSHQGHQW UHVSRQVH RQ WKH VRXQG LQFLGHQW
DQJOH ș ZLWK ș    EHLQJ WKH QRUPDO LQFLGHQW RQ WKH
PLFURSKRQH ZKLFK UHVXOWV LQ ORZHU VRXQG HQHUJ\
LQFLGHQWRQWKHPLFURSKRQHFRPSDUHGWRGHYLFHVKDYLQJD ߠ GHSHQGHQFH7KH PRWLYDWLRQ IRU WKH UHVHDUFK ZRUN
SUHVHQWHG KHUH LV WR LQFUHDVH WKH QXPEHU RI ZRUNLQJ
IUHTXHQF\ EDQGV LQ RWKHU ZRUGV WR H[SDQG WKH WRWDO
HIILFLHQF\RI WKH IUHTXHQF\ UHVSRQVH0RUHRYHU WKHQHZ








6FDQQLQJ HOHFWURQ PLFURVFRSH LPDJHV RI WKH IDEULFDWHG
0(06 PLFURSKRQH GHVLJQ DUH VKRZQ LQ )LJXUH  7KH
RYHUDOO H[WHUQDO GLPHQVLRQV RI WKH PLFURSKRQH DUH
PPîPPîȝP ZLWK D VRXQG DFWLYH DUHD RI WKH
RXWHU IUDPH RI îPP DQG RI WKH LQQHU IUDPH RI
îPP7KHDFWLYHGHYLFHDUHDLVUHOHDVHGWKURXJKD
IXOO EDFNVLGH HWFK VWHSRI D P WKLFN VXEVWUDWH(DFK
URWDWLQJ VHFWLRQ KDV WZR PDLQ PRYHPHQW PRGH VKDSHV
LHDURFNLQJPRGHDQGDEHQGLQJPRGHDVLVSUHVHQWLQ
WKH KHDULQJ V\VWHP RI 2UPLD RFKUHFHD 7KH DFRXVWLF
UHVSRQVHRIWKHPLFURSKRQHLVGHWHUPLQHGE\WUDQVGXFWLRQ
RI WKH GLVSODFHPHQW DPSOLWXGHV JHQHUDWHG E\ WKH VRXQG
SUHVVXUH JUDGLHQW EHWZHHQ WKH IURQW DQG WKH EDFN RI WKH
ZLQJV RI ERWK PHPEUDQH SDUWV 7KH GLVSODFHPHQW LV
VHQVHG LQGLUHFWO\ WKURXJK WKH VWUHVV LQGXFHG LQDQP
WKLFNSLH]RHOHFWULFDOXPLQXPQLWULGH$O1ILOPGHSRVLWHG
RQ VHFWLRQV RI WKH GHYLFH ORFDWHG FORVH WR WKH WRUVLRQ
 )LJXUH  6(0 LPDJHV RI WKH QHZ DV\PPHWULF




EHDP 7KH GHYLFHV ZHUH IDEULFDWHG XVLQJ WKH
3LH]R0803VPXOWLXVHUSURFHVVVXSSOLHGE\0(06&$3
>@ $  P WKLFN DOXPLQXP $O OD\HU DOORZV HOHFWULFDO
URXWLQJRIWKHVLJQDOVFUHDWHGLQWKHSLH]RHOHFWULFVHQVLQJ
ORFDWLRQV$QDGGLWLRQDOWKHUPDOR[LGHOD\HULVDYDLODEOHLQ
WKH IDEULFDWLRQ SURFHVV WR HOHFWULFDOO\ LVRODWH WKH $O
URXWLQJ IURP WKH GRSHG VLOLFRQ GHYLFH OD\HU DFWLQJ DV
JURXQG SRUW IRU WKH SLH]RHOHFWULF VHQVLQJ OD\HU )LJXUH 
VKRZV D FURVV VHFWLRQ RI WKH ILQDO OD\HU VWUXFWXUH
LQFOXGLQJWKHPWKLFNVXEVWUDWH
7KH PLFURSKRQH GHVLJQ ZDV FKRVHQ EDVHG RQ D
OXPSHG HOHPHQW PRGHO ZKLFK LV VLPLODU WR RXU SUHYLRXV
ZRUN >@ 'LIIHULQJ IURP WKH SUHYLRXV GHVLJQ WKH QHZ
GHYLFH KDV DQ DV\PPHWULF JHRPHWU\ WKDW UHVXOWV LQ DQ
XQHTXDO PDVVGLVWULEXWLRQRI WKH ZLQJV LQERWK WKHRXWHU
IUDPH DQG LQQHU SODWH7KLV DOVR UHVXOWV LQ D YDULDWLRQ RI
WKH LQKHUHQW VWLIIQHVV RI HDFK ZLQJ DQG WKH FRXSOLQJ
VWLIIQHVV EHWZHHQ WKHP 7KH PDWKHPDWLFDO GHULYDWLRQ RI
WKH DV\PPHWULF OXPSHG HOHPHQW PRGHO OHDGV WR WKH
IROORZLQJ HTXDWLRQV ZKLFK VKRZ WKH VDPH EHKDYLRU IRU
DOO ZRUNLQJ IUHTXHQFLHV )RU H[DPSOH IRU RQH RI WKH
ZLQJV RI WKH RXWHU IUDPH WKH GLVSODFHPHQW DPSOLWXGHܣଵFDQEHZULWWHQDV
ܣଵ ן  ߠ ඥሾݏଶߙଵ െ ݏଵܭ௧ሿଶ ൅ ሺݏଶ݀ଶߙଵ െ ݏଵ݀ଵሻଶ݇௥ଶݏ݅݊ଶߠן  ߠ

ZLWKߙଵ ൌ െ߱௥ଶ݉ଵ ൅ ܭଵ ൅ ܭ௧ 
+HUH V DQG V DUH WKH VXUIDFH DUHD RI WKH ZLQJ XQGHULQYHVWLJDWLRQDQGWKHVHFRQGZLQJUHVSHFWLYHO\GDQGGDUHWKHGLVWDQFHEHWZHHQWKHPDVVFHQWHURIHDFKZLQJDQG
WKHWRUVLRQD[LV.LVWKHVWLIIQHVVRIWKHZLQJZLWKPDVVP.W LV WKHFRXSOLQJVWLIIQHVVEHWZHHQERWKZLQJVNU LVWKH ZDYHQXPEHU RI WKH DFRXVWLF H[FLWDWLRQ DW WKH
IUHTXHQF\ȦU7KLVFRVLQHGHSHQGHQFHEHKDYLRUKROGV IRUERWK WKH URFNLQJ DQG EHQGLQJ PRGH RI WKH WZR
PLFURSKRQH SDUWV XVLQJ WKH UHVSHFWLYH VXUIDFH DUHD
H[FLWDWLRQIUHTXHQF\PDVVDQGVWLIIQHVV,QFRPSDULVRQWR
WKHSUHYLRXV ZRUN ZKLFKKDG D V\PPHWULF JHRPHWU\ DQG







The mode shapes of the new design were investigated 
theoretically using the finite element software COMSOL 
Multiphysics and experimentally using a Polytec PSV-
300-F Laser Doppler Vibrometry (LDV) with a close-up 
scanning head unit. The simulations were created using an 
acoustic-structure interaction model, evaluating both the 
mechanical resonance eigenfrequencies of the design and 
the frequency and angular response to a plane-wave sound 
incident on the device. In both cases the simulation 
included the microphone and its 5.5mm x 5.5mm MEMS 
die.  
The experimental setup included a loudspeaker (ESS 
Heil Air-motion Transformer) driven by a chirp signal 
with a bandwidth of 15 kHz. It was placed 1 metre away 
from the centre of the microphone to produce a vertical 
sound wave incident on the front surface of the die. 7KH
0(06 FKLS ZDV ERQGHG RQ DQ DSSUR[LPDWHO\
FPîFPîPP3&%LQRUGHU WREXLOG WKHDFFHVVLEOH
LQWHUIDFH EHWZHHQ WKH VDPSOH DQG WKH DQDORJXH
LQVWUXPHQWV IRU DFTXLULQJ WKH HOHFWULFDO UHDGRXWV ,Q
DGGLWLRQ a %UHO 	 .M U %	.  SUHVVXUHILHOG
PLFURSKRQHFRQQHFWHGWRDSUHDPSOLILHUZDVSODFHGFORVH
WRWKHVDPSOHDFWLQJDVVRXQGSUHVVXUHUHIHUHQFH
Figure 3 shows that all four resonance frequencies 
determined by the LDV are closely matched with the 
simulations and are located below 15 kHz. The outer 
frame provides the first rocking mode and the first 
bending mode while the inner plate is responsible for the 
second rocking mode and second bending mode. The 
resonances are also shown in Figure 4. Good agreement 
of the mechanical sensitivity between the simulations and 




Figure 4: Frequency spectrum of the mechanical 
sensitivity to sound excitation at ș=0ι obtained from 




)LJXUH  ([SHULPHQWDO VHWXS IRU PHDVXULQJ WKH




)LJXUH  )UHTXHQF\ VSHFWUXP RI WKH PHDVXUHG
DFRXVWLF VHQVLWLYLW\ VKRZLQJ WKH UHVSRQVH RI WKH
WHUPLQDOVRQWKHLQQHUSODWHDQGWKHRXWHUIUDPH
 
measurements reveals that the mechanical performance of 
the manufactured device conforms to expectation. As is 
shown in Figure 4, the measured mechanical sensitivity of 
the larger wing of the outer frame is 3.17 µm/Pa and 1.07 
µm/Pa at 2362Hz and 4884 Hz, respectively, while the 
sensitivity of the larger wing of the inner plate is 1.03 
µm/Pa and 2.76 µm/Pa at 7972 Hz and 11028 Hz 
respectively. The simulation and measurement overlap 
has only a slight discrepancy at the 2
nd
 resonance due to a 
none convergent finite element simulation at the exact 
resonance frequency. As the device has very low 
damping, most of the measurement noise at low 
frequencies is background noise. 
7KHHOHFWULFDORXWSXWVLJQDOVDUHPHDVXUHGXVLQJD
G% JDLQ (GPXQG 2SWLFV WUDQVLPSHGDQFH DPSOLILHU LQ
FRPELQDWLRQ ZLWK D 65 ORFNLQ DPSOLILHU XVLQJ D
VHQVLWLYLW\ RI P9 DQG D WLPH FRQVWDQW RI PV
FRQQHFWHGWRDQRVFLOORVFRSH7KHVLJQDOVDUHDFTXLUHGIRU
ERWK WKH ; DQG < D[LV RI WKH ORFNLQ DPSOLILHU XVLQJ DQ
$JLOHQW ,QILQLL9LVLRQRVFLOORVFRSH7KH GHYLFH XQGHU WHVW
ZDVPRXQWHGRQDURWDWLRQVWDJHZKLFKZDVSRVLWLRQHGDW
WKH FHQWHU RI DQ DQHFKRLF ER[  7KH %	. UHIHUHQFH
PLFURSKRQHLVDJDLQSODFHGQH[WWRWKHVDPSOHWRPHDVXUH
WKH UHIHUHQFH VRXQGSUHVVXUH GXULQJ WKH H[SHULPHQW7KH
GHYLFH XQGHU WHVW LV ORFDWHG LQ WKH IDUILHOG RI WKH ORXG
VSHDNHUDQGLWVVXUIDFHLVDOLJQHGWRKDYHDQRUPDOVRXQG
LQFLGHQFH 7KH H[SHULPHQWDO VHWXS IRU DFTXLULQJ WKH
HOHFWULFDOVLJQDOVLV)LJXUH
The combination of the electrical signals from the 
outer frame and inner plate pick up all four frequency 
bands. The acoustic sensitivity of the first two frequencies 
is around 5.4 mV/Pa and 14.8 mV/Pa, with the third and 
fourth frequency having a sensitivity of around 19.7 
mV/Pa and 16.8 mV/Pa. Figure 6 shows the acoustic 
sensitivity spectrum obtained from the terminals 
corresponding to the larger wings of each rotation section.  
Figure 7 presents the measured normalized voltage 
outputs from the outer frame and the inner angle with 
varying sound incident angle. The finite element analysis 
described earlier was also applied for varying sound 
incident angles. Both the simulation and experimental 
measurement show that the new device has a bi-
directional pattern in all frequency bands. However, while 
the simulation shows an ideal figure-8 pattern, the 
experimental results show a reduced sound response at the 
back of the device. Its behavior is a hyper-cardioid at all 




 and the 
4
th
 resonance. The reduced backside response potentially 
 )LJXUH1RUPDOLVHGDFRXVWLF GLUHFWLRQDOLW\ SDWWHUQV
DWWKHIRXUUHVRQDQFHIUHTXHQFLHV
 
originates from the sound energy reduction at the 
backside of the chip due to sound reflection and 
diffraction occurring in the hole of the PCB. Therefore, 
the pressure gradient between the two surfaces of the 
device is smaller when the rear surface faces to the 






 +] ,W LV DFWXDWHG E\ WKH VRXQG SUHVVXUH JUDGLHQW
EHWZHHQ WKH IURQWDQG WKH UHDU VXUIDFHRI WKHZLQJV 7KH
HOHFWULFDO UHDGRXW LV DFKLHYHG XVLQJ DQ $O1SLH]RHOHFWULF





WKHQG DQG WKH WK UHVRQDQFH7KLV LV PDLQO\EHFDXVHRI
WKHVRXQGUHIOHFWLRQDQGGLIIUDFWLRQLQWKHKROHRIWKH3&%




WKHVW UHVRQDQFH ,Q DGGLWLRQ WKH VRXQGSUHVVXUH DURXQG
WKHUHDUVXUIDFHRIWKHPLFURSKRQHDQGLWVLQIOXHQFHRQWKH




7KH DXWKRUV ZRXOG OLNH WR WKDQN -DPHV %URZQ DW
&HQWUH IRU 0LFURV\VWHPV DQG 3KRWRQLFV LQ 8QLYHUVLW\ RI
6WUDWKFO\GHIRUWDNLQJ6(0LPDJHVRIWKHILQLVKHGGHYLFH
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PLPLFNLQJ WKH GXDO RSWLPDOLW\ RI WKH IO\ HDU´
6FLHQWLILF5HSRUWVYRO
>@ $3/LVLHZVNL + -/LX0<X ³)O\HDU LQVSLUHG




HW DO ³0LFURPDFKLQHG ,Q3ODQH 3UHVVXUH *UDGLHQW
3LH]RHOHFWULF0LFURSKRQHV´,(((6HQVRUV-YRO
QRSS
>@ ³0(06&$3 _3LH]R0803VDQGDERXW LWVSURFHVV´
KWWSZZZPHPVFDSFRPSURGXFWVPXPSVSLH]RPX
PSV
>@< =KDQJ - ) & :LQGPLOO ' 8WWDPFKDQGDQL
³%LRPLPHWLF 0(06 'LUHFWLRQDO 0LFURSKRQH
6WUXFWXUHVIRU0XOWL%DQG2SHUDWLRQ´LQ3URF,(((
6HQVRUV9DOHQFLD1RYHPEHUSS
 
&217$&7
<=KDQJWHO
\DQVKHQJ]KDQJ#VWUDWKDFXN

